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Nano-islands integrated evanescence-based lab-on-a-chip
on silica-on-silicon and polydimethylsiloxane hybrid
platform for detection of recombinant growth hormone
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Integration of nano-materials in optical microfluidic devices facilitates the
realization of miniaturized analytical systems with enhanced sensing abilities for
biological and chemical substances. In this work, a novel method of integration of
gold nano-islands in a silica-on-silicon-polydimethylsiloxane microfluidic device is
reported. The device works based on the nano-enhanced evanescence technique
achieved by interacting the evanescent tail of propagating wave with the gold
nano-islands integrated on the core of the waveguide resulting in the modification
of the propagating UV-visible spectrum. The biosensing ability of the device is
investigated by finite-difference time-domain simulation with a simplified model of
the device. The performance of the proposed device is demonstrated for the
detection of recombinant growth hormone based on antibody-antigen interaction.
© 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.4757968]

. INTRODUCTION

Bovine growth hormone, also known as bovine somatotropin (bST) is a growth promoter
widely used in some countries in dairy farming for increasing the production of milk and meat.
With the injection of hormone to animals, the milk production has been reported to be
increased more than 5% to 40%.'~ The commercial use of growth hormone was made possible
with the discovery of recombinant DNA technology, which could produce large amounts of ar-
tificial growth hormone called recombinant bovine somatoropin (rbST) using hybridization tech-
nique. The use of rbST in dairy farming is still controversial due to its potential effects on the
health of cattle and consumers.*® Therefore, a rapid and precise method of detection of rbST
has a lot of demand for regulation.

The enzyme-linked immunosorbent assay (ELISA),”® radioimmunoassay (RIA),’ bioassay
method,'® surface plasmon resonance (SPR)'' and localized surface plasmon resonance
(LSPR)-based sensor'> are reported for the detection of growth hormone. The fluorescent tag-
ging and detection using a lab-on-a-chip platform'® and the use of a novel cascaded waveguide
coupler (CWC)'* on silica-on-silicon platform are also attempted. ELISA can predict the con-
centration of rbST in a relative form that is based on the concentration and affinity. The liquid
chromatography-mass spectrometry (LC-MS),'>'® combined with electrospray ionization is a
very powerful technique which can discriminate the natural and artificial form of the growth
hormone, however, the method is complex and expensive. In this work, a miniaturized senor
platform is developed for the detection of recombinant growth hormone. The sensor uses a
label-free detection methods by using the LSPR property of nano-island on silica-silicon wave-
guide integrated in a microfluidic device.

The optical detection is one of the most widely used methods of bio-detection.'” Labeled'®
and label free'®** detection are the two major approaches of the optical detection method. In
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the labeled detection, fluorescence dye molecules are tagged with biomolecules and detected in
an optical microfluidics platform. Labeled detection is an expensive and time consuming pro-
cess as it needs the optimization of the flurophore-biomoelcule labeling conditions, also the ac-
curacy depends on the labeling process. As a result, label-free detection has gained increased
attentions in biomedical field. The label-free detection methods reported in the literatures are
autofluorescence,”’ confocal Raman spectroscopy,®” surface plasmon resonance,” localized sur-
face plasmon resonance,”’** and evanescence.” >’

The SPR is a widely reported label-free detection of biological and chemical species. The
SPR sensor works based on the plasmon waves produced by coupling the light to a thin layer
of metal by using grating coupler or field excitation. The basic mechanism of SPR sensor is the
modulation of plasmon resonance band with the adsorption of bio-species to the metal layer.
Metallic nanoparticles such as gold and silver exhibit strong plasmonic property called LSPR in
the ultraviolet and visible region of electromagnetic spectrum. LSPR is due to the collective os-
cillation of electrons of the metallic nanoparticles for a certain wavelength of light, which leads
to absorption of light. The plasmonic property of the gold nanoparticle is widely reported®®-*°
for the detection of biological species as the plasmonic properties of gold nanoparticles (NPs)
are sensitive to the change in the refractive index of the surrounding medium. Conventionally,
the biosensors reported by using metallic NPs are substrate-based.”® In this method, the NPs are
immobilized on a transparent substrate and the biomolecules are adsorbed and detected by mon-
itoring the changes of plasmon band by using the transmission or reflection spectroscopy. The
advantages of LSPR based detection over the SPR detection are that there is no need of any
complex light coupling optics and the feasibility of modifying the plasmonic property by tuning
the shape and size of the nanoparticles.

Evanescent-wave is the exponentially decaying tail of the propagating wave in a wave-
guide, which can interact with bio-species immobilized on the waveguide. Evanescent wave
sensors by using optical fibers’' or planar waveguides®” are reported for the labeled and label-
free detection of the bio-species. For the label-free evanescent sensor, the interaction of evanes-
cent wave with the biomolecules immobilized on the core of the waveguide results in the loss
of the propagating waves due to the absorption of evanescent wave. Since the depth of penetra-
tion of evanescent wave sensor implemented by a straight waveguide having uniform diameter
is less, the sensitivity is less. However, the sensitivity can be increased by increasing the spe-
cies evanescent-wave interaction length. Alternatively, the sensitivity of the evanescent wave
sensors was reported to be increased by techniques such as selective ray launching,™ tapering
of fiber probes,”® and use of bends® in waveguides. In this work, a novel method of integration
of gold nano-islands on silica-on-silicon waveguide is used for the development of an evanes-
cent wave senor integrated in a polydimethylsiloxane (PDMS) microfluidic chip.

Recently, the integration of nano-materials in the microfluidics environments has gained a
lot of attentions due to the feasibilities of developing micro total analysis systems (uTAS) or
lab-on-a-chips (LOCs) devices with higher sensitivity.>> Lab-on-a-chips are gaining increased
interest because of their capability to perform biological and chemical detections with reduced
consumption of reagents and materials.*®*” Since the LOCs are miniaturized devices, they are
portable and capable of performing the detection and analysis faster than the macroscopic
instruments. By miniaturizing and integrating various process modules such as fluidics and opti-
cal detections components in a single chip, the LOCs have been able to perform different bio-
analytical processes. Integration of microfluidics with optical components is one of the chal-
lenging tasks in the fabrication of optical LOCs. Also, the fabrication techniques of integration
of nano-features in the microfluidic environments are gaining more attentions,”” because of the
unique optical properties of nano-structure that are useful for the biosensing.

Miniaturizations of conventional SPR systems are reported for biosensing purpose.
Some of the commercial devices such as Biacore systems are already available with the integra-
tion of SPR sensors in microfludics, wherein a flat layer of gold is used in a Kretschmann con-
figuration with a prism coupling of light to excite plasmon waves. However, the microfluidics
based SPR system is complex and it needs complicated optics and expensive instruments. Inte-
gration of nanoparticle in the microfluidic device is a useful approach as the optical setup
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required for such a sensor is simple, as compared with SPR or confocal Raman spectroscopy
based sensors. However, the integration of nanoparticles in microfluidics requires novel nano-
fabrication techniques compatible with the microfluidic fabrication process and materials.

Optical biosensors can be implemented by using both the single and multimode waveguides.
Single mode waveguides are more suitable to implement biosensors with higher sensitivity. How-
ever, the coupling of light to single mode waveguide requires complex light coupling apparatus.
Recently, Kayani er al.*° reported a work on a single mode sensor and suggested a novel method of
manipulating the modal properties based on dielectrophoresis of randomly dispersed nanoparticles
in microfluidic channel. Surface enhanced Raman scattering (SERS) of silver nanoparticles*' and
nanoporous”> are also reported to be enhanced by dielectrophoresis in microfluidics device leading
to the enhancement of detection sensitivity.

In this work, a nano-enhanced evanescent wave biosensor integrated with gold nano-islands
on a multimode silica-on-silicon waveguide is presented. A miniaturized analytical device is
developed by integrating gold nano-islands on a silica-on-silicon (SOS) waveguide. The SOS
waveguide is further hybrid integrated in a microfluidic device fabricated on PDMS. As the
nano-islands are on the core of the waveguide, the evanescent tail of the propagating waves
interacts with the gold and changes the transmittance spectrum. The bio-species adsorbed on
the gold nano features change the local refractive index of the gold, which essentially modifies
the transmittance spectrum of the light propagating through the SOS waveguide, hence a nano-
enhanced evanescent mechanism is achieved. The integration process of gold nano-islands on
the SOS chip is compatible for the fabrication of a lab-on-a-chip. In this design, the sensor chip
is integrated into a microfluidic environment by using soft lithography on PDMS for the real-
ization of a low cost LOC. The proposed nano-integrated LOC is demonstrated for the detection
of recombinant growth hormone.

In order to understand the enhancement of evanescent sensing, a simplified model of the
proposed device is simulated by 3D finite-difference time-domain (FDTD) method by using the
Rsoft, FullWAVE.

II. MATERIALS AND METHOD
A. Materials

Recombinant bovine somototropin (rbST, MW 22kDa) and its antibody (Anti-bST) were
received from Cedarlane, ON, Canada. The rbST diluted in phosphate buffered saline (PBS) at a
concentration of 5000 ng/ml was used as stock solution and stored at 3-5 °C. The anti-bST obtained
in powder form was dissolved in PBS at a concentration of 5000 ng/ml and stored in refrigerator at
3-5°C. Hydrogen tetrachloroaurate (III) trihydrate (HAuCl4.3H20) was received from Alfa Aesar.
Sodium citrate, 11-mercaptoundecanoic acid in ethanol (Nano Thinks Acid 11), N,N’-diisopropyl-
carbodiimide and N-hydroxysuccinimide PBS were obtained from Sigma Aldrich, Canada. PBS dis-
solved in DI water at a concentration of 0.1 M and pH of 7.2. The SYLGARD184 elastomer kit and
curing agent for the PDMS fabrication were obtained from Dow Corning.

B. Gold nano-islands integrated LOC

The integration process of the proposed device is illustrated in Fig. 1. The device has two
main parts, one is the SOS waveguide with gold nano-islands integrated on it and the other part
is a PDMS microfluidic chips. The SOS waveguide has two layers of silicon dioxide deposited
on silicon substrates. The first silicon dioxide layer acts as the bottom cladding layer for the
waveguide, while the second layer with higher refractive index than the cladding acts the core
of the waveguide. The core layer is micromachined to certain width for the lateral confinement
of light. The gold nano-islands are integrated on the core to modify the evanescent field of the
waveguide due to the localized surface plasmon property of the gold nano-islands. The sche-
matic of the SOS waveguide integrated with gold nano-islands is shown in Fig. 1(b).

The PDMS chip has a microfluidic channel and two liquid reservoirs as shown in Fig. 1(a).
The chip is bonded with the SOS waveguide so that the bio-species can be pumped through the
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FIG. 1. Schematic diagram of integration process of the LOC, (a) PDMS microfluidic chip, (b) SOS optical chip integrated
with gold nano-islands, and (c) sectional view of the LOC.

gold nano-islands integrated on the SOS waveguide. The fluidic tubes are fixed with the liquid
reservoir to facilitate the microfluidic flow through the device. When the bio-species are
adsorbed to the gold nano-islands, their bio-interaction influences the evanescent field as meas-
ured through the waveguide.

The fabrication process flow of the nano-islands integrated LOC is shown in Fig. 2. The
device is fabricated on SOS waveguide. Fig. 2(b) shows the SOS waveguide with two layers of
silicon dioxide. The first layer with lower refractive index and the second layer with higher re-
fractive index act as the bottom cladding and core of the waveguide, respectively.

Then the nano-islands are integrated on the core of the SOS waveguide by convective as-
sembly (Fig. 2(c)). Subsequently, the microfluidic chip fabricated on PDMS by soft-lithography
is bonded with the SOS waveguide and the LOC is realized as shown in Fig. 2(d). The fabrica-
tion details of all the steps given in Fig. 2 are explained in Secs. III-V.

lll. FABRICATION OF SILICA-ON-SILICON OPTICAL CHIP

The fabrication of silica-on-silicon waveguide involves the deposition and micromachining
of silicon dioxide layers. The plasma enhanced chemical vapor deposition (PECVD) was used
for the deposition of silicon dioxide layers. For the PECVE deposition, Plasmal.ab 80 Plus
instrument of Oxford instruments is used. Different deposition process parameters are optimized
to achieve necessary refractive indices for the cladding and core. For depositing the cladding
oxide, the chamber pressure and substrate temperature were set 1000mT and 300 °C, respec-
tively. The gas mixture of silane and nitrogen (5% SiH4, 95% N,) was introduced to the
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FIG. 2. Fabrication process steps of gold nano-islands integrated LOC.

chamber at the flow rate of 170 sccm. The nitrous oxide (N,O) was introduced to the PECVD
chamber at the flow rate of 710 sccm. Then the plasma was created by RF power of 20 W at
13.56 MHz. The deposition rate was 50nm/min. The deposition was carried out for 4h and
30min. The thickness of oxide layer was approximately 14 um for the bottom cladding of the
waveguide. To obtain higher refractive index for the core layer, the flow rate of the silane and
nitrogen mixture and N,O was increased to 500 sccm, and the RF power was increased 200 W.
The refractive indices of the silicon dioxide layers were measured by ellipsometry (Spectro-
scopic ellipsometer, Model: VASE, Sopra). The refractive indices for the core and cladding
were 1.445 and 1.457, respectively at a wavelength of 635 nm.

The micromachining of the core was carried out by using direct write lithography (DWL)
and reactive ion etching (RIE). The mask pattern was designed in L-edit software and used in
the DWL-66 laser writer and the patterns were written directly on the wafer. The DWL write
head of 2mm having a resolution of 500nm was used. The AZ1518 photoresist was used for
the lithography. The resist layer of thickness of 2 um was spun at 3000 rpm for 30s and baked
at 110°C for 2h in an oven. The pattern was etched in MERIE P5000 plasma machine of
applied materials. For the RIE, the chamber pressure was set to S0mT and the process gases,
CHF;, Ar and CF4 were introduced at the flow rate of 45, 70, and 7 sccm, respectively. The
plasma was created by the RF power of 300 W. This process gives the etch rate of 0.3 um/min.
RIE was carried out for 1h including the 30 min of etch pause steps to prevent the burring of
photoresist, which resulted in the etch depth of the 10 um. The SEM micrograph of the wave-
guide is shown in Fig. 3.

IV. INTEGRATION OF NANO-ISLANDS ON THE SILICA-ON-SILICON WAVEGUIDE

The nano-islands are integrated on the SOS waveguide using angled convective assembly'?
in colloidal gold solution that was prepared by Turkevich’s method.*> The spherical gold
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FIG. 3. SEM image of the SOS waveguide showing the sectional view of waveguide with the core and cladding
dimensions.

nanoparticles were absorbed to the SOS waveguide by evaporating the aqueous solution con-
taining the gold nanoparticles as shown in Fig. 4(a).

The process of integration of gold nano-islands on the silica-on-silicon waveguide is illus-
trated in Fig. 4. Before the deposition, the SOS waveguides were cleaned with soap solution
and DI water, then rinsed with acetone, dried and finally rinsed with 2-propanol. The wave-
guides were silanized and heated at 100°C for 1 h and immersed in the gold colloid solution
and kept in an oven at temperatures between 60 and 80°C as shown in Fig. 4(a). The solution
was evaporated entirely in 2 days. During the evaporation of the aqueous solution, the gold
nanoparticles from the solution drive to the surface and a nano-cluster were deposited on the
waveguide (Fig. 4(b)). The nano-cluster morphology was transformed to nano-islands by a post
deposition annealing as shown in Fig. 4(c). In order to investigate the morphology of the depos-
ited gold nanoparticle, SEM characterization was carried out. As the proposed convective as-
sembly is not a controlled process, the morphology of the deposited layer of gold is found to

Evaporation of gold
colloidal suspension
Silica-on-silicon waveguide

Gold colloidal
solution

(b) (©)

Annealing

— e e e
Gold nano-structure formed on Gold nano-islands formed on the
the silica-on-silicon waveguide silica-on-silicon waveguide

FIG. 4. Illustration of the method of integration of gold nano-islands on the silica-on-silicon optical chip. (a) SOS wave-
guide in gold colloidal solution, (b) gold nano-structure on the waveguide, and (c) gold nano-islands on silica-on-silicon
optical chip.
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FIG. 5. SEM micrograph of gold nano-islands integrated silica-on-silicon waveguide: (a) waveguide with gold nano-cluster,
(b) closer view of the nano clusters, (c) the waveguide after annealing, and (d) closer view of waveguide after annealing.

be of nano-clusters as shown in Fig. 5(a). A closer view of the nano-cluster formed on the
waveguide is shown in Fig. 5(b).

The plasmonic property of the nano-cluster formed on the glass substrate was already
measured,'>** which showed that the nano-cluster morphology has a wide LSPR band and it
was found not good for the biosensing. By using a post deposition annealing process, the mor-
phology of the deposition was transformed to nano-islands. During the annealing, the nano-
cluster melts and due to high surface tension of the molten metal, a nano-island morphology is
formed as shown in Fig. 5(d).

V. FABRICATION OF THE GOLD NANO-ISLAND INTEGRATED LOC

In order to fabricate the proposed device, the SOS optical chip with nano-islands was
bonded with microfluidic chip. The microfluidic chip was fabricated on the PDMS using soft li-
thography technique. The microfluidic chips consist of a microchannel of width 200 um and
length 1 cm with two liquid reservoirs at the ends of the microchannel as shown in Fig. 6. The
schematic of the microfluidic chip is shown in Fig. 6.

The PDMS chip was fabricated by soft lithography. A mold for casting the PDMS was fab-
ricated by using SUS8 photoresist. The mold is the negative pattern of the chip shown in Fig. 6.
During the bonding of the SOS chip with PDMS chip, the core of the waveguide must be inside
the microchannel, hence the width of the channel was chosen to 200 um to simplify the aligning
task during the bonding. The depth of the channel was chosen to 125 um to avoid the possible
collapsing of the channel to the core during the bonding. The mold for the microfluidic chip
was fabricated by UV- photolithography on SUS8 photoresist. A negative photoresist (SU8-2035
Microchem) was spun twice on a silicon substrate for 30s at 2000 rpm to form the resist layer
with thickness of 125 um. The resist was beaked at 80°C for 10 min after each spinning. Then
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FIG. 6. Schematic of the microfluidic chip.

the resist was exposed by UV light for 30 s through a mask. After the UV exposure, the resist
was baked again and the pattern was developed in 15 min. The mold was silanized before cast-
ing the PDMS. The base and curing agent of the PDMS was mixed and degassed in a vacuum
desiccator to remove the gas bubble and casted in the mold. The PDMS was cured at 80°C for
5h and the microfluidic chip was removed from the mold.

The chips were bonded by oxygen plasma techniques. The PDMS chip and the waveguide
were cleaned by DI water and dried and loaded to oxygen plasma instrument. The samples
were exposed to the oxygen plasma for 35s. The bonding was carried out under a microscope
to align the microfluidic channel with the waveguide. The fluidic tubes are inserted to the reser-
voirs and fixed to pump the bio-liquids to the device. PDMS was put on the SOS-PDMS inter-
face to prevent the leakage through the etch gap of SOS waveguide, and immediately baked in
an oven to prevent the flow of PDMS into the microchannel. Fig. 7 shows the gold nano-island
integrated LOC.

FIG. 7. Gold nano-islands integrated LOC.
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VI. FDTD SIMULATION OF THE DEVICE

In order to investigate the effects of nano-islands on the propagation of light through the
SOS optical chip, a simplified model of device is simulated by using FDTD technique. The
FDTD method solves the Maxwell’s differential equations by discretizing using central differ-
ence in space and time followed by solving them numerically by computers. The simulation do-
main is discretized into small elements called grid, and the accuracy of the FDTD computation
depends on the size of the grid elements. As the simulation of real device require large compu-
tational resources, a simplified model of the device with a waveguide having the square cross
section of 1 x 1 um and a gold nano-hemisphere on the core of the waveguide is used for the
FDTD simulation. The FDTD model used for the simulation is shown in Fig. 8.

The refractive index of the core was set to 1.46. A gold nano-hemisphere having the diam-
eter of 70 nm is placed on the surface of the core. In order to assess the biosensing performance
of the device, the refractive index of the cladding, that is, the region around the core is varied
between 1 and 1.4 in the simulation. In order to compute the absorbance of the light due to the
gold nano-sphere a power monitor is placed around the nano-hemisphere. An optical pulse with
wavelength of 500nm is used as the excitation source in the simulation. The power monitor
placed with the nano-island can calculate the absorbance spectrum by using fast Fourier trans-
form (FFT) algorithm.

Figs. 8(b) and 8(c) show the refractive index distribution of the model and the FDTD simu-
lation showing the propagation of pulse through the waveguide. Fig. 8(c) shows the electric
field distribution in the model computed by FullWAVE during propagation of light pulse.
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FIG. 8. (a) FDTD model of the device. (b) Refractive index of the model. (c) Electric field distribution in the model.
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FIG. 9. (a) LSPR spectrum of the gold nano-island integrated on the core of the SOS waveguide and (b) shift of LSPR peak
wavelength against the refractive index of the cladding of the SOS waveguide.

Fig. 9 shows the FDTD simulation results of the gold nano-islands integrated device.
Fig. 9(a) shows the absorbance spectra of the gold nano-island with diameter of 70 nm located
on the surface of the core of the waveguide. As the evanescent filed of the light propagating
through the waveguide is extending to the cladding, the gold nano-island located at the core-
cladding interface are excitated by the evanescent field, which results in a collective oscillation
of electrons of the gold nano-island at certain wavelengths and the absorption of light. This
phenomenon is referred to as LSPR. The Fig. 9(a) shows the LSPR spectrum of the gold nano-
islands by the excitation of evanescence field. The LSPR peak was measured at 560 nm when
the cladding index was 1. The LSPR is sensitive to the local refractive index of the gold nano-
island. The simulations carried out by changing the cladding index to 1.2, 1.3, and 1.4 showed
that LSPR peak is shifting to higher wavelength and also the band is becoming wider as shown
in Fig. 9(a). The intensity of the LSPR band is also found increasing with the refractive index.
A linear trend in the shift of LSPR peak against the refractive index is observed as presented in
Fig. 9(b). The sensitivity of the device against the refractive index is measured as 72 nm/RIU,
which is the slope of the trend line in Fig 9(b).

The figure of merit (FoM) of the sensor is estimated as the ratio of the refractive index sen-
sitivity to the spectral width of the absorbance spectrum of the gold nano-islands as explained
in Ref. 45. Since the absorbance spectrum of the gold nano-islands is an asymmetrical spec-
trum, the spectral width is measured at 90% of the absorbance peak as 65nm. The FoM of the
device is estimated as 1.107.

The FDTD simulation demonstrates that the nano-island integrated waveguide is useful for
the biosensing applications. During the biosensing, the bio-species are adsorbed to the gold
nano-islands and the local refractive index changes, hence the spectrum of the propagating light
modifies, is the basic mechanism of the proposed device.

VIl. EXPERIMENTAL SETUP OF NANO-ISLANDS INTEGRATED LOC

The schematic and photograph of the experimental setup of the device are shown in Fig.
10. The setup includes an UV-visible source, device under test (DUT) and spectrometer as
shown in Fig. 10(a). Light from the UV-visible source (Ocean optics LS-1) is coupled to the
SOS waveguide through a fiber using a high precision micropositioners. The device is fixed in
single axis controllable stage between the two 5 axis controllable micropositioner stages. Simi-
larly, spectrometer (Ocean Optics USB 2000) is coupled to the output side of the waveguide
using a multimode fiber as shown in Fig. 10(b).

Before starting the bio-sensing experiments in the device, a device without nano-islands
was fixed in the setup and a reference spectrum corresponds to the source signal was recorded
by the spectrometer. This reference spectrum was used for measuring the transmittance
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FIG. 10. Testing setup for nano-enhanced evanescence measurement: (a) schematic of the experimental setup and (b) pho-
tograph of the experimental setup.

spectrum of the nano-islands integrated LOC. PBS solution was pumped to the device during
all the measurements. After taking the reference spectrum, the nano-island integrated LOC was
fixed to the measurement setup. The transmittance spectrum recorded from nano-island inte-
grated LOC is shown in Fig. 11.
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FIG. 11. Transmittance spectrum recorded in the nano-island integrated LOC.
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Fig. 11 shows the transmittance spectrum of the light propagating through the device.
When the UV-visible light was coupled to the device, due to interaction of evanescent waves
with gold nano-island, certain wavelengths are absorbed by the localized surface plasmon reso-
nance of the gold nano-island. Minimum transmittance was observed in the transmittance spec-
trum at 535 = 10nm for the measurements taken in 10 devices. The transmission minimum
corresponds to the absorbance peak due to the LSPR of the gold nano-islands.

VIil. BIOSENSING

Biosensing experiments are carried out by pumping the reagents and rbST solutions to the
device. Fig. 12 illustrates various steps in the detection of recombinant growth hormone. Before
starting the experiments, de-ionized water was pumped to the device for 1min to clean the
device.

Fig. 12(a) represents gold nano-islands on the silica-on-silicon waveguide in the microflui-
dic device. Then the linker solution, mercaptoundecanoic acid in ethanol was pumped to the
device and kept for 1h and washed by passing PBS for 10s. Fig. 12(b) shows sample after
passing the linker solution. Then the cross-linker solution (N, N’-diisopropylcarbodiimide and
N-hydroxysuccinimide (EDC-NHS)) was pumped and kept for 1h and washed by pumping
PBS solution for 10s. The linker and cross-linker modify the surface of the gold so that the
biomolecules can be attached to the gold. Fig. 12(c) shows the gold nano-island after pumping
the cross-linker. Then the antibody (ant-rbST) was pumped to the device and kept for 1h fol-
lowed by washing in PBS. Fig. 12(d) represents the sample after anti-rbST was adsorbed to the

/Gold nano-islands

Gold nano-islands on SOS waveguide

!

(a)

Waveguide

V)LR/\/

Linker is adsorbed on to the gold nano-islands

(b)

Cross linker is absorbed on the gold nano-islands

()

(d) Anti-tbST adsorbed on the gold nano-islnads

Blocker adsorbed on the gold nano-islands

) bST adsorbed on the gold nano-islands
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FIG. 12. Steps used in the detection of rbST in the nano-islands integrated LOC.
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gold nano-hemisphere. Then the transmittance spectrum was measured after anti-rbST was
adsorbed to the gold nano-island. During the measurement of transmittance spectrum, PBS solu-
tion was filled in the microchannel. In order to prevent the non-specific binding of rbST to the
gold nano-islands, a blocker solution prepared from the non fat milk powder was used. The
milk solution (1%) was pumped to the device and kept for 1h and washed with PBS. Fig. 12(e)
represents the sample after the blocker solution was adsorbed to the sample. Finally, the rbST
was pumped to the device and kept for 1h and washed with PBS (Fig. 12(d)). Then the trans-
mittance spectrum was recorded with PBS filled in the microchannel. The red shift of the trans-
mittance minimum from the step (d) to (f) is estimated as a measure of the antigen-antibody
interaction of the rbST. The sensitivity of the device was investigated for various concentration
of rbST.

IX. RESULTS AND DISCUSSION

The antibody-antigen interaction of rbST that occurs on the gold nano-islands and wave-
guide change the refractive index and/or the thickness of the biolayer absorbed on the gold
nano-island. The change of local refractive index modifies the plasmonic band of the gold
nano-islands. The shift of the plasmonic band is used as a measure of the antibody-antigen
interaction of rbST. In the present work, the transmittance spectrum of the light propagating
through the device is analyzed to detect rbST. Fig. 13 shows the transmittance spectrum
recorded at various steps of the biosensing process.

Fig. 13(a) shows the transmittance spectrum recorded before starting the biosensing pro-
cess. The spectrum with minimum transmittance recorded at 535 nm corresponds to the absorb-
ance peak of the gold nano-islands integrated on the waveguide. The spectrum was shifted to
540 nm after the antibody of a concentration of 100 ng/ml was immobilized to the gold nano-
islands. The band is found to become wider as shown in Fig. 13(b). Fig. 13(c) shows the spec-
trum recorded after rbST at a concentration of 800 ng/ml interacted with antibody immobilized
on the gold nano-islands. The band became wider and also the transmittance minimum was fur-
ther red shifted to 546 nm. A red shift of 6 nm in the transmittance spectrum is due to the modi-
fication of LSPR property of the gold nano-islands due to the interaction of the anti-rbST and
rbST.
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FIG. 13. Change of transmittance spectrum against the antibody-antigen interaction of rbST, (a) spectrum with gold nano-

islands on the waveguide, (b) spectrum after antibody (anti-rbST: 100 ng/ml) is absorbed to the gold nano-islands, and
(c) spectrum after antigen (rbST: 800 ng/ml) is absorbed to gold nano-islands.
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FIG. 14. Effect of concentration of tbST on the shift of minimum transmittance due to antibody-antigen interaction of rbST.

The suitability of the sensor for the quantitative measurements of rbST is investigated with
various concentrations of rbST. The concentration of the anti-rbST was kept at 100 ng/ml and
concentration of tbST is varied between 10 and 800 ng/ml.

Fig. 14 shows the tested variation of the shift of minimum transmittance against the concen-
tration of the rbST. Variation of shift in the transmittance spectrum can be observed as shown in
Fig. 14. The sensor response is found slightly saturating after 500ng/ml. A shift of I nm is
observed when the concentration of rbST was reduced to 80 ng/ml. The minimum concentration
of the rbST that was detected in the present device is 80ng/ml. A trend line is fitted to the data in
Fig. 14 and the limit of detection is measured at the point where the trend line crosses the concen-
tration axis. The limit of detection of the device is estimated to be as low as 20 ng/ml.

The concentration of bST in milk is reported to be of the order of 1-10ng/ml.*® The rbST
may be found in the milk of the cattle treated with rbST, and concentration of rbST present in
the milk may be of the order of hundreds of ng/ml,*’ depending on the quantity of the rbST
used for the production of milk. Hence the proposed device is suitable for the detection of
rbST in milk.

X. CONCLUSION

A lab-on-a-chip is developed by integrating gold nano-islands on the silica-on-silicon
waveguide and PDMS microfluidic chips. The device works based on the modification of trans-
mittance spectrum due to the absorption of light by the enhanced evanescence due to the gold
nano-islands. The transmittance spectrum is modified due to the interaction of evanescent field
of the propagating light with the gold nano-island. The device is demonstrated for the detection
of recombinant growth hormone. The effect of concentration of tbST on the shift of transmit-
tance spectrum is investigated and the detection limit of the device is estimated. The detection
limit of the device is found to be 20 ng/ml.
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